Introduction {#sec1}
============

Gold nanorods (AuNRs) belong to a highly interesting class of nanosized objects used for a plethora of biomedical and biotechnological applications such as sensing,^[@ref1]^ imaging,^[@ref2]−[@ref4]^ and others.^[@ref5]^ Their local surface plasmon resonances (LSPRs) strongly depend on their shape and dimensions (size, aspect ratio). Especially in the case of AuNRs with higher aspect ratios (AR \> 4), the longitudinal LSPR is located in the so-called "water transparency window" in the near-IR (NIR, 800--1300 nm), where absorption of biomatter is low, thus showing potential in a wide variety of biological applications (e.g., biolabeling or hyperthermia). Along with some other additives, cetyltrimethylammonium bromide (CTAB) is the most widely used compound for the precise synthesis of AuNRs with different lengths and aspect ratios. Even though such gold nanoparticles (AuNPs) exhibit optimal optical properties for biomedical applications, their application in biomedicine is restricted due to the presence of CTAB, which is cytotoxic above a concentration of 1--10 μM.^[@ref6]^ In addition to this problem, CTAB-stabilized particles suffer from low colloidal stability in aqueous salt solutions, incompatibility with other solvents, and instability in long-term storage (which result in crystallization of CTAB and morphology loss upon reshaping).^[@ref7]^

Many efforts have thus been made to replace CTAB in synthesis or to functionalize CTAB-coated AuNRs.^[@ref8]−[@ref14]^ Various strategies have been developed to improve the stability and biocompatibility of AuNRs by using polymers,^[@ref15]−[@ref17]^ peptides,^[@ref18]^ surfactants,^[@ref19]^ and lipids^[@ref13],[@ref20],[@ref21]^ to modify the NP surface. Most of these strategies use thiolated molecules or electrostatic interaction forces to bind to the gold surface. However, the majority of the applied coating materials are based on either simple surfactants, such as oleic acid or end-thiolated CTAB,^[@ref14]^ or on polymers, such as different polyelectrolytes,^[@ref9]^ PEG,^[@ref22]−[@ref25]^ or polystyrene.^[@ref26]^ Also inorganic coatings such as silica shells have been used.^[@ref22],[@ref27]^ Current applications demand a combination of colloidal stability, biocompatibility, and access to further functionalization, and stimulus responsiveness. Even though many of the above-mentioned systems suffice some of these requirements, there is still a need for such multifunctional coatings.

In this context, proteins represent a promising class of multifunctional coating material.^[@ref28]−[@ref31]^ Proteins offer a chemically well-defined structure with various chemical functionalities such as thiols, amines, and carboxylates that have high binding affinity toward metal surfaces.^[@ref28],[@ref32]^ Furthermore, they are high-molecular-weight charged polymers, which provide electrosteric stabilization and pH-responsiveness to the particles.^[@ref28]−[@ref31]^

We recently reported on the protein coating of different spherical AuNPs with citrate and CTAB as stabilizing agents for their use as dual-responsive NPs. However, functionalization of nanorods with proteins is not straightforward, owing to destabilization and consequently strong irreversible aggregation of AuNRs during the functionalization process. In general, the functionalization of high aspect ratio NPs with polymers stays a challenge.^[@ref1],[@ref33]−[@ref35]^ Because of the large side-to-tip area ratio and the large surface-to-volume ratio compared to spherical systems, functionalization of CTAB-stabilized AuNRs is more demanding.^[@ref14]^ CTAB binds relatively weakly on the tips of an AuNR and much stronger on the sides of the AuNR, since those expose different crystallographic planes.^[@ref36]−[@ref38]^ This fact, which is exploited in the synthesis for shape directing, is problematic within the exchange. The CTAB molecules on the tips are exchanged first, causing imbalance in the CTAB bilayer structure on the rod surface. Because of this two-step exchange process, bilayer structure breaks down and results in fast AuNR aggregation. Hence, it is important to exchange the whole CTAB bilayer at once, rather than in two steps, to overcome or avoid the aggregation process.^[@ref1]^

Furthermore, considering the relevant bioapplications, CTAB must be removed completely both from the solution and particle surface. In our previous report, the question whether the negatively charged protein coating adsorbs on top of the positively charged CTAB bilayer via electrostatic interactions or replaces the CTAB molecules partially or completely remains unanswered.

Hence, in this work, we report on replacing CTAB completely from AuNRs of variable aspect ratios with bovine serum albumin (BSA) without affecting the colloidal stability of the AuNRs but rather enhancing it significantly. We show the complete removal of CTAB from the particle surface employing surface-enhanced Raman scattering (SERS) measurements. We analyze the impact of protein coating on colloidal stability using the characteristic spectroscopic features of the longitudinal localized surface plasmon resonance (L-LSPR), which is highly sensitive toward aggregation. Finally we investigate freeze-drying and redispersion properties of the BSA-coated AuNRs.

Results and Discussion {#sec2}
======================

Figure [1](#fig1){ref-type="fig"} presents an overview of the spectroscopic properties and morphology of the nanorods synthesized in this study. The AuNRs were prepared following two synthetic approaches reported elsewhere.^[@ref39]−[@ref41]^ Combining both synthesis methods allows for covering the visible and the NIR spectral range from 600 to 1100 nm with L-LSPR of the NRs (see Figure [1](#fig1){ref-type="fig"}a).

![(a) UV--vis--NIR spectra of all AuNR\@CTAB. (b) L-LSPRs of AuNR before and after BSA coating. (c) UV--vis--NIR spectra of three selected AuNR samples (Nos. 5, 11, and 15) before and after BSA coating. (d--f) TEM images of the AuNR\@BSA from (c).](am-2015-00335f_0006){#fig1}

For the coating of CTAB-stabilized AuNRs with BSA, we modified substantially our previously reported protein coating procedure for CTAB-stabilized gold nanospheres (AuNS).^[@ref29]^ Prior to the ligand exchange of AuNRs, the CTAB concentration of the dispersions was adjusted to 0.1 mM right before functionalization, which is by a factor of ten below the CMC of CTAB (1 mM). Please note, NP concentrations are kept the same as in the original synthesis. The AuNRs are stable for short time at this CTAB concentration; therefore, it is crucial to adjust the CTAB concentration directly prior to exchange. The AuNR dispersions are added to a relatively highly concentrated protein solution (10 mg/mL) at pH 7 under vigorous stirring and sonication (BSA solution/NP dispersions, 3:1 v/v). The mixture was sonicated for another 30 min and then centrifuged. The supernatant was replaced by the same amount of a basic and less-concentrated protein solution (1 mg/mL, pH 12) and incubated for at least 24 h. Subsequently, the AuNR dispersions were washed with basic water (pH 11--12, at least three times) via centrifugation and concentrated to desired values.

For a successful and aggregation-free BSA coating of AuNRs, CTAB must be replaced fast and completely from the surface. Hence, the ligand-exchange process on the surface must be fast and efficient. In the procedure presented here, this is presumably achieved by the interplay of intrinsic properties of the protein and the chosen experimental parameters. Hereby, three main aspects play an important role: First, the high BSA-to-CTAB ratio throughout the process results in a strong shift of equilibrium toward BSA-coated particles, which is in agreement with theory.^[@ref42]^ Second, BSA exhibits a higher binding affinity toward metal surfaces because BSA, as a protein, is a multivalent ligand compared to CTAB, which is a monovalent ligand. Third, the released CTAB (positively charged, hydrophobic tail) builds a complex with the excess BSA (negatively charged, hydrophobic core) in the solution and is removed efficiently from the solution in the first centrifugation steps. Hence, by adjusting the CTAB concentration far below the CMC, using high BSA concentrations (10 mg/mL) and fast destabilization of CTAB bilayer by ultrasonciation in the presence of unbound BSA, a complete and aggregation-free BSA coating of AuNRs can be ensured.

The colloidal stability after the different coating procedure steps was monitored via UV--vis--NIR spectroscopy. The functionalized nanorods were also characterized by transmission electron microscopy (TEM). Figure [1](#fig1){ref-type="fig"}b shows the results for BSA-coating of all the different AuNR samples. For clarity, the extinction spectra (Figure [1](#fig1){ref-type="fig"}c) and TEM images (Figure [1](#fig1){ref-type="fig"}d--f) of three representative AuNR dispersions (Figure [1](#fig1){ref-type="fig"}d--f insets) with increasing aspect ratios (ARs) are shown. By comparing the position of the L-LSPR (Figure [1](#fig1){ref-type="fig"}b), the shape of the extinction spectra (Figure [1](#fig1){ref-type="fig"}c), and the color of the dispersions (Figure [1](#fig1){ref-type="fig"}d--f insets), the aggregation-free coating of the AuNRs with BSA can be confirmed. In the case of any aggregation, the LSPR peak of the plasmonic NPs would shift drastically toward higher wavelengths, and the whole LSPR band would broaden significantly along with a decrease in overall intensity.^[@ref43]^ The L-LSPR of the low AR AuNRs (Figure [1](#fig1){ref-type="fig"}b, Nos. 1--7) exhibit a spectral shift of only few nanometers, attributed to the local refractive index changes in the vicinity of the gold surface. The LSPR band also does not change in shape, revealing no aggregation during the coating process. Thus, successful ligand exchange (coating) without aggregation of the AuNRs is demonstrated. In the case of the high AR AuNRs (Figure [1](#fig1){ref-type="fig"}b, Nos. 8--15), the L-LSPR lies in the NIR range and is therefore more sensitive toward changes in refractive index.^[@ref44]−[@ref46]^ Sample Nos. 12--14 exhibit a more pronounced red-shifted L-LSPR after BSA coating and purification, while sample Nos. 11 and 15 are slightly blue-shifted. Changes in LSPR reflect changes in composition of AuNR ensembles. Consequently the purification of the AuNRs via centrifugation can have a huge impact on the final quality and therefore on the LSPR band of AuNRs ensembles. Harsh centrifugation can cause nanoparticle aggregation, which leads to a broadening and a red shift of the LSPR. At the same time gentle centrifugation can cause a narrowing of the dispersity and L-LSPR, owing to the size- and shape-dependent sedimentation coefficients of anisotropic NPs (centrifugation speeds can be found in [Experimental Section](#sec4){ref-type="other"}). In our case aggregation of AuNRs can be excluded, since the shape and the overall peak width of the LSPR band is not changing significantly as it can be seen from Figure [1](#fig1){ref-type="fig"}c and the full-width half-maximum (FWHM) values before and after functionalization (Figure S1 in the [Supporting Information](#notes-2){ref-type="notes"}). The AuNR\@BSA samples are remarkabely stable over time (months), without any sign of aggregation ([Supporting Information, Figure S3](#notes-2){ref-type="notes"}).

As mentioned in the [Introduction](#sec1){ref-type="other"}, the prerequisite for any biomedical application of colloidal particles is their colloidal stability under physiological salt concentrations (equivalent to 150 mM NaCl) and in complex biofluids, which contain sugars and proteins. Hence, the colloidal stability of three selected AuNR samples (Nos. 5, 11, and 15) coated with BSA (Figure [2](#fig2){ref-type="fig"}a) was investigated in aqueous solutions at different conditions, including phosphate-buffered saline (PBS) solutions and Dulbecco's Modified Eagle's Medium (DMEM) cell culture media with 10% newborn bovine calf serum (NCS). The colloidal stability of the AuNRs in medium was again monitored by UV--vis--NIR spectroscopy (Figure [2](#fig2){ref-type="fig"}). Remarkably, the AuNR\@BSA samples were highly stable in these media over time ([Supporting Information, Figure S4](#notes-2){ref-type="notes"}). Please note that such protein-coated NPs are even more stable in the presence of free protein in the solution.^[@ref30]^ The AuNR\@BSA were also highly stable at pH values above, as well as below, the isoelectric point of BSA (pI~BSA~ = 4.8).^[@ref29]^ They exhibited a negative surface charge (ζ \< −35 mV) at pH 12 and a positive surface charge (ζ \> +20 mV) at pH 1, consistent with the values reported for BSA-coated NPs previously.^[@ref29]^

![UV--vis--NIR spectra and photographs of three selected AuNRs, namely, (a) No. 5 at 760 nm, (b) No. 11 at 900 nm, and (c) No. 15 at 1050 nm dispersed in different media: AuNR\@BSA samples (*c*~Au~ = 0.2 mM) were dissolved at different pH (12 and 2), in PBS buffer (150 mM, pH 7.5), in DMEM+10% NCS (pH 7.5), and highly concentrated (1 mM). AuNR\@CTAB samples are included for comparison.](am-2015-00335f_0001){#fig2}

For dosage, storage, transportation, and material handling, a dry powder form is advantageous as compared to a solution. Particularly in biomedical applications, the dose of such nanoparticles must be precisely adjusted, which can be easily done by weighing the dry sample. Drying a nanomaterial to powder and redispersing it in desired media at desired concentrations, without inducing irreversible particle aggregation during the drying or redispersion process, is highly challenging. In our case, lyophilized powders of purified dispersions (free of unbound protein and other solutes) exhibited hydrophobic properties and did not redisperse in aqueous media (see [Supporting Information, Figure S2](#notes-2){ref-type="notes"}). The reason for this is that proteins pose intrinsically a demanding challenge to achieve successful lyophilization due to their denaturation during freeze-drying.^[@ref47]^ To avoid irreversible denaturation of proteins, hydrogen bond-forming stabilizers (lyoprotectors) such as sugars (sucrose, trehalose) or proteins such as albumins are employed. This also applies to the protein-coated nanoparticle systems. Thus, we freeze-dried our dispersions using different formulations and obtained dark brown lyophilized powders. In particular, we lyophilized purified NPs (washed 5×, pH 12), with and without lyoprotecting additives. We employed sucrose as a low-molecular-weight sugar-based additive and BSA itself as a high-molecular-weight protein-based additive. Furthermore, we also employed DMEM and DMEM containing 10% NCS as formulation media for the lyophilization. Depending on the formulation the AuNR\@protein powders exhibited different solubility behavior upon redispersion in water, buffers, and medium.

Whereas the powders from the formulations that contained lyoprotectors redispersed readily in water (pH \> 7) and buffers as well as cell culture media, the powders from the water formulation (pH 12), which contained no stabilizing additives, were not redispersible (see [Supporting Information, Figure S2](#notes-2){ref-type="notes"}). The powder from the water formulation remained as a clump at the air--water interface or rather stuck to the walls of the vial showing a hydrophobic character of the lyophilized protein coating. The powders containing lyoprotecting agents, on the other hand, exhibited remarkable redispersion behavior. Powders from the formulations containing sucrose (1 mg/mL) or BSA (1 mg/mL) both redispersed spontaneously in aqueous media. The redispersion behavior upon addition of Milli-Q water at pH 12 was documented in Videos V1 and V2, provided in the [Supporting Information](#notes-2){ref-type="notes"}. These dispersions of the freeze-dried AuNR\@BSA were also highly stable over time periods of weeks and months ([Supporting Information, Figure S5](#notes-2){ref-type="notes"}). Here, the dispersions were identical to the original AuNR\@protein dispersions before lyophilization in terms of quality and colloidal stability (Figure [3](#fig3){ref-type="fig"}d). The L-LSPR of the sucrose-lyoprotected sample matches perfectly before and after lyophilization. In the case of the BSA-lyoprotected sample, there is a slight red shift after redispersion, which is presumably due to the incomplete redispersion of the dry AuNRs or changes in the local refractive index (changes in coating thickness or density). Furthermore, we lyophilized stable dispersions of AuNR\@protein in pure DMEM and in DMEM containing 10% NCS. The powders were light brown in color, due to the high salt and high protein content. Both DMEM-based AuNR\@BSA powders redispersed spontaneously upon addition of water (see [Video V3](#notes-2){ref-type="notes"} for redispersion behavior of DMEM+10% NCS). Although the pure DMEM dispersions of AuNR\@protein were highly stable before lyophilization, the redispersed systems exhibited slight aggregation of the AuNRs. However, the DMEM formulation containing 10% NCS redispersed perfectly, and the AuNR\@BSA samples showed the same quality and colloidal stability as before the lyophilization (see Figure [3](#fig3){ref-type="fig"}). It is worth noting that such cell culture media-based dry formulations could directly be used in bioapplications simply by adding water to the ready-made formulation.

![Redispersion behavior of different freeze-dried AuNR\@BSA powders: (a) No. 5 with 1 mg/mL sucrose (*c*~Au~ = 0.34 mM); (b) No. 11 from DMEM+10% NCS (*c*~Au~ = 0.12 mM); and (c) No. 15 with 1 mg/mL BSA (*c*~Au~ = 0.16 mM). All powders spontaneously redispersed in water at pH 12 (cuvettes). (d) UV--vis--NIR spectra of AuNR\@BSA samples before (dashed line) and after freeze-drying (full line).](am-2015-00335f_0002){#fig3}

Considering the growing interest in AuNRs for biomedical applications, it is highly important to remove CTAB (or CTAC) completely from the particle surface. By coating negatively charged proteins on surfactant-coated positively charged NPs, three possible scenarios can occur: (1) the proteins adsorb on top of the positively charged CTAB bilayer via electrostatic interactions and wrap the AuNR completely; (2) the protein replaces partially the CTAB molecules; and (3) the protein replaces all CTAB molecules completely from the AuNR surface. Hence, to answer the question whether CTAB is still present underneath or within the protein layer after functionalization we performed SERS. Analytical SERS allows for ultrasensitive detection of organic molecules in the vicinity of plasmonic nanostructures.^[@ref48]−[@ref52]^ In analytical SERS the general notion dictates to aim for maximum enhancement factors by using excitation wavelengths matching the localized surface plasmon resonance of the applied NPs. Since the LSPR depends on particle size, shape, orientation, and aggregation, a broad assortment of excitation sources (lasers) would be required to flexibly adopt for the respective samples of interest.

Figure [4](#fig4){ref-type="fig"} shows the SERS spectra of AuNR and AuNS with CTAB and BSA coating dispersed in water and compared with conventional Raman spectra of crystalline CTAB and dry solid BSA. In contrast to the reports in literature, where only selected signals (1070 and 1445 cm^--1^) were used,^[@ref53]^ we evaluated an extended frequency regime to assert the complete replacement of CTAB by BSA. Furthermore, we decided to include spherical NPs^[@ref31]^ in this SERS study providing further validation of the complete exchange of CTAB by BSA at the nanoparticle surface and answering the open question of the previous report.^[@ref29]^ Moreover, we show that also off-resonance measurements, using a standard HeNe laser at 633 nm, allow for the SERS characterization of the ligand shell of NPs. Off-resonance excitation inherently limits the local electromagnetic enhancement to surface-near distances. However, the loss in electromagnetic enhancement can be balanced by measuring at high NP concentrations (up to 20 mg/mL), which can be achieved with protein-coated NPs. At higher concentrations, the total number of scattering events is greatly increased. Additionally, measurements of dispersions take advantage of the continuous flow of NPs through the confocal excitation volume and therewith allow for efficient probing of the NP coating.

![SERS of AuNPs (AuNS: spheres; AuNR: rods) with CTAB (black, upper) and BSA (red, lower) coating dispersed in water and compared with conventional Raman spectra of crystalline CTAB and dry BSA: (a) Counterion signals; (b) ammonium signals; (c) skeletal chain vibrations (upper) and amide bands (lower); (d) methyl/methylene "fingerprint". The spectra are offset, scaled for clarity, and show raw data without background correction.](am-2015-00335f_0003){#fig4}

The low-frequency domain (Figure [4](#fig4){ref-type="fig"}a) is dominated by the halide counterion signal of surface-bound bromide (AuBr^--^) at 176 cm^--1^,^[@ref53]^ indicating a surface-bound interlayer of halides between the cetylammonium cation (CTA^+^) molecules and the NP gold surface. After BSA coating this signal completely vanished, as expected.

Figure [4](#fig4){ref-type="fig"}b shows the frequency domain attributed to the CN^+^ stretching of the trimethylammonium (TMA) headgroup. While crystalline CTAB features three distinct signals at 754, 763, and 774 cm^--1^,^[@ref53]^ the CTAB coatings only show the symmetric stretch at 763 cm^--1^.^[@ref53],[@ref54]^ For BSA-coated NPs this signal is lost, whereas another signal at 750 cm^--1^ arises for the AuNS sample and solid BSA. This signal can be assigned to the aromatic amino acid tryptophan.^[@ref55],[@ref56]^ Even though this signal is not well-resolved for AuNR, it can be expected to differ from the distinct CN^+^ vibration (TMA, 763 cm^--1^).

The mid-frequency domain (Figure [4](#fig4){ref-type="fig"}c) of CTAB exhibits a couple of signals characteristic for molecules with long alkyl chains.^[@ref53],[@ref57],[@ref58]^ These so-called skeletal vibrations are mainly CC (e.g., 1070 and 1144 cm^--1^) and CH~2~ modes (e.g., 1295, 1393, 1447, 1464, and 1481 cm^--1^). In wet state, as for the CTAB-coated NPs, a reduced amount of signals can be resolved. Besides strong CC stretching vibrations at 1000 and 1144 cm^--1^, the CH~2~ wagging motions at 1232 and 1374 cm^--1^ are most pronounced. The latter signal is expected to partly overlap with strong CH~3~ deformations of the headgroup, which would explain the broad peak appearance. The other motions like twisting (∼1300 cm^--1^), scissoring (∼1450 cm^--1^), and symmetric stretching (∼1580 cm^--1^) are of much reduced intensity.^[@ref58]^

At first glance, the BSA-coated NPs show more condensed midfrequency spectra with strong signals in the 1200 to 1500 cm^--1^ range. Characteristic for proteins are the three amide bands, which reflect combinations of C=O, CN, and NH modes.^[@ref55],[@ref59]^ The BSA coating only exhibits the Amide III (CN, NH) at 1295 cm^--1^. The Amide I (mainly C=O, 1650 cm^--1^) cannot be resolved, and the Amide II (1550 cm^--1^) is not present for BSA.^[@ref55]^ Further signals are the CH~2~ stretching (near 1450 cm^--1^)^[@ref55]^ and various functional groups of the protein. Though a complete deconvolution is beyond the scope of this analysis, the absence of the distinct skeletal vibrations clearly indicates the successful removal of CTAB from the NP surface.

The high-frequency multiplet of methyl/methylene CH~*x*~ vibrations at 2800 to 3000 cm^--1^ may serve as a fingerprint pattern (see Figure [4](#fig4){ref-type="fig"}d). In contrast to earlier studies where these fingerprint modes could not be well-resolved,^[@ref53],[@ref55],[@ref60]^ we were able to well-resolve distinct patterns for both coatings. The fingerprint pattern consists of four CH stretching vibrations:^[@ref54]^ sym CH~2~ at 2850 cm^--1^, antisym CH~2~ at 2880 cm^--1^, sym CH~3~ at 2930 cm^--1^, and antisym CH~3~ at 2960 cm^--1^. Da Costa and co-workers showed that these modes are almost temperature-insensitive but are very sensitive to environmental and conformational changes.^[@ref54]^ The fingerprint shape reflects the general order/disorder of alkyl chains (intensity ratio of 2880/2850 signals) as well as the polarity of the chain environment (2930/2850 ratio). A high chain order can be found for both crystalline CTAB and solid BSA based on the sharp antisym methylene stretch (2880 cm^--1^) owing to close packing of planar zigzag chains.^[@ref58]^ The order at the NP surface is reduced owing to the higher mobility of the methylene groups. Furthermore, the sym methyl stretch (2930 cm^--1^) is a sensor for the polarity at the particle/coating interface. Here, the AuBr^--^ interlayer of the CTAB-coated NPs exhibits higher polarity than the more hydrophobic gold surface, as seen for BSA-coated NPs. In addition, the absence of the NCH antisym stretching mode at 3040 cm^--1^ next to the multiplet, assigned to the CTA^+^ headgroup,^[@ref58]^ further suggests the complete removal of CTAB from the surface.

Consequently, both AuNS and AuNR give strong evidence for the complete exchange of CTAB by BSA throughout the studied frequency spectrum. The characteristic signals of CTAB and BSA are listed in Table [1](#tbl1){ref-type="other"}. The protein coating resulted in a loss of the counterion (AuBr^--^), headgroup (CN, NCH), and skeletal chain (CC, CH~2~) signals characteristic for CTAB. In lieu of these, distinct signals of the amide bands could be found along with significant changes of the high-frequency fingerprint pattern, as expected.

###### Overview of Characteristic Vibrational Modes of CTAB and BSA Used for Analysis of the Nanoparticle Coatings

                                               *v*AuBr^--^ (counterion)   *v*CN^+^   *v*CC *v*CH~2~ skeletal (chain)   amide bands (protein)   *v*CH~*x*~   *v*NCH (headgroup)
  -------------------------------------------- -------------------------- ---------- --------------------------------- ----------------------- ------------ --------------------
  Raman shift, cm^--1^                         180                        760        1000--1600                        1200--1700              2800--3000   3040
  CTAB[a](#t1fn1){ref-type="table-fn"}         --                         \+         \+                                --                      \+           \+
  AuNS\@CTAB[b](#t1fn2){ref-type="table-fn"}   \+                         \+         \+                                --                      \+           \+
  AuNR\@CTAB[b](#t1fn2){ref-type="table-fn"}   \+                         \+         \+                                --                      \+           \+
  BSA[a](#t1fn1){ref-type="table-fn"}          --                         --         --                                \+                      \+           --
  AuNS\@BSA[b](#t1fn2){ref-type="table-fn"}    --                         --         --                                \+                      \+           --
  AuNR\@BSA[b](#t1fn2){ref-type="table-fn"}    --                         --         --                                \+                      \+           --

Conventional Raman measurements of crystalline solids in dry state.

SERS measurements of nanoparticles dispersed in water at high concentrations. AuNS: nanospheres; AuNR: nanorods.

Conclusion {#sec3}
==========

In conclusion, we report on highly stable and surfactant-free protein-coated AuNRs. The colloidal stability is evidenced by UV--vis--NIR spectroscopic characterization of the samples, which show no changes in their LSPRs characteristic for aggregation. The high colloidal stability at very high particle concentrations is maintained at physiological salt concentrations and even in biological media such as DMEM. Moreover, owing to the robust protein coating, such NPs can be lyophilized to powder, similar to proteins. Strikingly, the optical and colloidal properties of the AuNRs are completely maintained upon redispersion. By freeze-drying such particles, long-term storage under ambient conditions and stability could be ensured. Furthermore, the protein-coated AuNRs can be directly freeze-dried in cell culture media containing serum, which can be then redispersed on desire. Such cell culture media-based dry formulations could be directly used in bioapplications simply by adding water to the ready-made formulations.

Most importantly, we showed via SERS that the toxic surfactant CTAB is completely removed from the surface of AuNRs and AuNS. The complete removal of CTAB is a key step toward safe bioapplication of protein-coated NPs. In the context of biotoxicity, the cellular uptake of protein-coated AuNPs and the evolution of their protein corona will be the focus of subsequent studies.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Silver nitrate (AgNO~3~, 99.9999%), sodium borohydride (NaBH~4~, 99%), hydroquinone (HQ, \>99%), hydrogen tetrachloroaurate (HAuCl~4~, \>99.9%), ascorbic acid (AA, 99.0%), bovine serum albumin (BSA, 98%), Dulbecco's Modified Eagle's Medium (DMEM, sterile-filtered without phenol red, D5921), newborn calf serum (NCS, sterile-filtered), and sucrose (\>99.0%) were purchased from Sigma-Aldrich. Citrate (99%) and 1 M HCl and NaOH solutions were supplied by Grüssing. Cetyltrimethylammonium bromide (CTAB, 99%, 364.45 g/mol, 0.359 mg/kg iodine) was received from Merck KGaA. All chemicals were used as received. Pure-grade solvents and Milli-Q-grade water were used in all preparations.

AuNR Seeds {#sec4.2}
----------

Seeds were prepared following a procedure published elsewhere.^[@ref41]^ Briefly, to 5 mL of an aqueous 0.2 mM CTAB solution, 5 mL of an aqueous 0.5 mM HAuCl~4~ solution was added. To prevent CTAB from crystallization the solution was kept at 32 °C. Subsequently, Au ions were rapidly reduced by adding 0.6 mL of an aqueous 0.01 mM NaBH~4~ under vigorous stirring. Seeds were aged for 30 min at 300 rpm stirring speed. For synthesis with volumes of 1 L seed preparations was scaled to 30 mL.

AuNRs of Low Aspect Ratio {#sec4.3}
-------------------------

For preparing AuNRs of low aspect ratios a method by Nikoobakht and El-Sayed^[@ref39],[@ref40]^ was adopted with small variations. Aqueous solutions (30 mL) containing 0.1 M CTAB and 0.25 mM HAuCl~4~ using an aqueous 0.1 M Au stock solution were prepared and kept at 32 °C. Subsequently, varied amounts of an aqueous 0.5 mM AgNO~3~ stock solution were added to adjust the final silver ion concentration (AuNRs Nos. 1--4 and Nos. 6 and 7: 24, 25, 30, 35, 40, and 50 μM) followed by the addition of 195 μL of an aqueous 0.1 M HCl solution to adjust the pH. Next, 112.5 μL of a 0.1 M AA solution were added to reduce the Au^3+^ to Au^1+^ ions accompanied by a color change from yellow to colorless. In the last step, the AuNR growth was initiated by the addition of 300 μL of as-prepared seed solution. The color changed within 10 min to a slight purple. After 24 h at 32 °C, growth was accomplished. Up-scaled synthesis was performed in a volume of 1 L with the same concentration of CTAB, HAuCl~4~, and AA, respectively, using a final Ag concentration of 40 μM (AuNR No. 5). Nanorod growth was induced with 7 mL of seed solution.

AuNRs of High Aspect Ratios {#sec4.4}
---------------------------

Gold nanorods with larger AR values (\>4) were prepared following a procedure developed by Vigderman and Zubarev.^[@ref41]^ Aqueous 0.1 M CTAB solution (10 mL) containing 0.5 mM HAuCl~4~ was prepared using an aqueous 0.1 M gold stock solution. Desired amounts of an aqueous 0.1 mM AgNO~3~ were used to adjust the Ag ion concentration (AuNRs Nos. 8--10 and Nos. 12 and 13: 0.3, 0.6, 0.65, 0.5, 0.5, and 0.5 mM) followed by the addition of 150 μL of an aqueous 0.1 M HQ solution. Color change from yellow to colorless indicated successful reduction of gold ions. As-prepared seed solutions (AuNRs Nos. 1--4 and Nos. 6 and 7: 80, 80, 80, 40, 160, and 320 μL) were added under rapid stirring to induce rod growth. Color change to a slight purple could be observed after 5 h. The solutions were stored at 32 °C for 24 h. Up-scaled syntheses with volumes of 1 L were performed using same concentrations of CTAB, HAuCl~4~, and HQ, respectively, and a final concentration of Ag of 0.5 mM (AuNRs No. 11) and 0.4 mM (AuNRs No. 15). Synthesis was induced using 24 mL (AuNRs No. 11) and 15 mL (AuNRs No. 15).

AuNS {#sec4.5}
----

Spherical gold nanoparticles with a diameter of 80 nm were synthesized as a reference system for SERS studies following a procedure published previously.^[@ref31]^

Functionalization with BSA {#sec4.6}
--------------------------

Prior to the BSA coating of CTAB-stabilized nanoparticles the CTAB concentration in dispersions must be adjusted to the CMC of CTAB, that is, 1 mM (NP concentrations were kept identical to the original synthesis). Then, the NP dispersions with adjusted CTAB concentrations were added slowly to the BSA solution under ultrasonication (BSA solution/NP dispersions, 1:1 v/v). The BSA solution contains: BSA (10 mg/mL), 0.02% citrate, pH 7. The NPs were sonicated for 30 min and then centrifuged. Centrifugation parameters need to be adjusted, that is, sample No. 5 at 7000--8000 rcf, No. 11 at 1500--3500 rcf, and No. 15 at 5000--6000 rcf. The supernatant is replaced by the 10× diluted BSA solution, that is, 1 mg/mL BSA, 0.02% citrate, pH 12, and stirred for at least 24 h. Then the particles were washed with basic water (pH 11--12, \>4×) via centrifugation and concentrated as desired.

Freeze-Drying {#sec4.7}
-------------

AuNR\@BSA samples (3.5 mL) were freeze-dried using sucrose, BSA, DEMEM, or DMEM+10%NCS as lyoprotecting agents. The concentrations were 1 mg/mL for sucrose and BSA. DMEM and DMEM+10%NCS were used as obtained. The nanorods were centrifuged, and the precipitate was redispersed in the respective media. The Au contents of the resulting powders were 42 wt % for sucrose, 5.6 wt % for BSA, and 5.6 wt % for DMEM+10%NCS.

Characterization {#sec4.8}
----------------

UV--vis--NIR spectra were measured with an Agilent Cary 5000 spectrophotometer with an attached Cary Universal Measurement Accessory (UMA). TEM measurements were done on a Zeiss 922 OMEGA EFTEM at a voltage of 200 kV. Zero-loss filtered images were recorded using a bottom-mounted Ultrascan 1000 (Gatan) CCD camera system. Gatan Digital Micrograph 3.9 for GMS 1.4 software was used for image acquisition.

SERS {#sec4.9}
----

Surface-enhanced Raman scattering was measured with a confocal Raman microscope (LabRAM Division, HORIBA Jobin Yvon) equipped with a high-resolution grating (1800 grooves/mm), a Peltier-cooled CCD camera (−70 °C, Synapse) and a HeNe laser as excitation line at 633 nm. Spectra were collected by focusing the laser spot at the air/liquid interface of a sessile drop of liquid (100 μL of each solution cast on a glass slide) by using a 100× objective (Olympus, NA 0.9), providing a spatial resolution of ∼1 μm^2^. Each sample was measured at least three times at positions more than 300 μm apart from each other.

Full-width half-maximum of L-LSPRs; redispersion behavior of lyophilized AuNR\@BSA powders with and without additional lyoprotecting agents (images and videos); redispersion after long-term storage (extinction spectra). This material is available free of charge via the Internet at <http://pubs.acs.org>.
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^§^ These authors contributed equally. The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.
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